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Alkaline-earth chalcogenolates are important precursors in a variety of technical applications
and in synthetic chemistry. Until recently, however, the number of well-characterized exam-
ples of alkaline-earth chalcogenolates was very small. During the last few years, several syn-
thetic schemes have been explored, allowing the synthesis and characterization of a collection
of alkaline-earth chalcogenolates. With a small family of target molecules in hand, it is now
possible to further explore their use in synthetic chemistry and as precursor materials.

This article will highlight the important roie of alkaline-earth chalcogenolates in a vari-
ety of applications, discuss critically different synthetic access routes in terms of accessi-
bility, ease of reaction, yield and purity of the products, and will evaluate their structural
chemistry in terms of structure-determining factors, such as type of ligand and donor, as
well as the influence of the central metal and chalcogen atom.

Key Words: alkaline-earth -thiolates, -selenolates and -tellurolates, synthetic and techni-
cal applications, synthetic strategies, structural studies

1. INTRODUCTION

The discovery of superconducting ceramics and ferroelectric materials
containing alkaline-earth ions such as BaTiO;, Ky 4Bag¢BiO;, YBa,

Comments Inorg. Chem. © 1997 OPA (Overseas Publishers Association)
1997, Vol. 19, No. 6, pp. 351-385 Amsterdam B.V. Published in The Netherlands
Reprints available directly from the publisher under license by Gordon and Breach Science
Photocopying permitted by license only Publishers

Printed in India

351



12: 34 15 January 2011

Downl oaded At:

Cu;0,_,, BaMgg 33 Tag 4605, CusOM,TI (M = Ca, Ba), CuOyLa,_,Sr, or
CuOQ, Sr,Ca,'™ has revived research interest in the arca of alkaline-earth
chemistry. This work has focused mainly on the exploration of oxygen-
containing alkaline-earth derivatives such as alkoxide, aryloxide, silox-
ide and B-diketonate species, producing a selection of soluble precursors
allowing the formation of superconducting ceramics or ferroelectric
materials by relatively simple procedures.*~’

In contrast, alkaline-earth analogs bearing heavier chalcogen ligands
have received much less attention, which is surprising considering their
importance as components in wide band gap semiconductors,®* !’ two-
color IR optical windows'? and phosphor materials.'* Moreover, their
use in synthetic chemistry has also been documented."'*

So far, materials for wide band gap semiconductors have been based
mainly on combinations of group lIB (Zn and Cd) and group VIA (S, Se,
Te) elements and their mixed compounds.”’20 As shown recently, the
band gap of the conventional 1IB-VIA materials can be widened signifi-
cantly (by more than 1 eV) by alkaline-earth inclusion. as demonstrated
with the incorporation of magnesium into ZnS/ZnSe phases. The novel
quaternary ZnMgSSe material made possible the first continnous wave
operation of blue-green laser diodes at room temperature. Importantly,
the band gap extension can be controlled and depends on depositing con-
ditions; so far, variations between 2.8 eV to 4.0 eV have been achieved
by altering depositing conditions. These materials become especially
important for the cladding layer materials in lasers, which are required to
exhibit band gap energies of about 3 eV higher than that for the active
tayer 51!

Functional I[I-V1 magnesium-doped quaternary phases depend criti-
cally on precise control of material composition. Much work has been
devoted towards the development of suitable rontes and precursors, but
the high purity II-VI materials needed for the production of blue-grecn
lasers are still difficult Lo obtain, and further work is needed to develop
alternative precursors and deposition techniques. Preliminary results
indicate that the thermal decomposition of zinc and alkaline-earth
chalcogenolates in the correct stoichiometric amounts yields pure, qua-
ternary wide band gap materials. However, this route depends on a reli-
able supply of pure alkaline-earth chalcogenolates. One of the goals of
our research is to explorc synthetic schemes to alkaline-earth thiolates
and selenolates and thoroughly investigate thermal decomposition
processes.
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The importance of alkaline-earth chalcogenolates extends towards
applications in synthetic chemistry. Specifically, magnesium thiolates,
selenolates and tellurolates are useful in metathesis reactions as shown
with the synthesis of Cp,M(TeSi(SiMe;);)> (M = Ti, Zr).!'* The reagents
are especially important in reactions with redox-sensitive metals; use of
the corresponding alkali reagents often results in the formation of disul-
fides, selenides or tellurides and the reduced metal.?> Moreover, the
heterobimetallic thiolate [Cu,Mes,][Mg(SAr),], (Mes = 2,4,6Me;C¢H,,
Ar = SC4H,((R)-CH(Me)NMe,)),'*'® comprised of two magnesium
chalcogenolate units bound to a central tetranuclear cuprate moiety, has
been related to Cu(l) catalyzed conjugate 1,4-addition of Grignard
reagents to enones and other regio and stereospecific C—C bond forming
processes. !>

Despite the importance of molecular alkaline-earth derivatives in many
areas of chemistry, only a few compounds exhibiting alkaline-earth thio-
late, selenolate or tellurolate moieties have been mentioned.!*1623-29
Difficulties connected with heavy alkaline-earth chemistry are the high
ionic character of the compounds, the large atomic radii of the metals
and the low solubility of the dihalide precursors in organic solvents.3%34
The greatest problem, however, might be the lack of suitable, alternative
alkaline-earth starting materials, which would provide an easily accessi-
ble source of soluble alkaline-earth ions.**3* Moreover, the high sensitiv-
ity of many molecular alkaline-earth derivatives towards hydrolysis
paired with high kinetic instability, especially if small groups are attached
to the metal center, makes spectroscopic or crystallographic analysis
of the target molecules difficult. Accordingly, any progress in heavy
alkaline-earth chemistry depends on the development of feasible syn-
thetic routes and alternative starting materials. Additionally, ligand and
donor systems need to be tested in terms of their capacity to increase
kinetic stability and steric saturation.

Alkaline-earth alkoxides, aryloxides and siloxides are fairly well stud-
ied due to their importance as precursors for the low temperature fabrica-
tion of high temperature superconductors and ferroelectric materials.*”’
Examples include Be(OMes *),(OEt)** (Mes * = 2,4,6-tBu;C¢H;), [Mg
(0(2,6-tBu,C¢Hs)),1,** and the heavier analogues CaO(2,6-tBu,4-
MeC4H,),(THF)3,* [Cay(OSiPh;)4(NH;),),” [HBas(O)(OPh)o( THF)g],”
Ba;(0SiPhs;)s(THF)* [Bay(OSi(tBu);),(THF)]*® and many more.

Alkaline-earth thiolates and selenolates have been mentioned in the ear-
lier literature,*° but fully characterized species have only become available
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during the last few years. The first structurally characterized alkaline-earth
chalcogenolate was a heteroorganocuprate [CuMes,][Mg(SAr),],, dis-
playing magnesium thiolate contacts, published in 1990 by van Koten
et al.’® In 1992, Ca(TeSi(SiMes);),(THF), was reported simultaneously by
the groups of Arnold'* and Becker.?” The first magnesium chalcogenolate,
Mg(TeSi(SiMe;)3),(THF),, was also reported in 1992, followed by the
first beryllium thiolate, Be(SMes*), E,O in 1993.%* Since then, a variety of
synthetic access routes have been probed, allowing the synthesis of a small
but increasing number of beryllium, magnesium, calcium, strontium and
bariumn target molecules.

To date, structurally characterized alkaline-earth chalcogenolates
include a small group of beryllium thiolates, namely the three coordinate
Be(SMes*),THF,** the four coordinate mixed amine/thiolate species
Be(SCeFs),(NH)(NH,SiMe,),*' and [{Be(SPh),(py)(NH;)},{ 18-crown-
6}1*" and the solvent-separated triple-ion [Be(HMPA),][SCPh;], (HMPA =
hexamethylphosphoramide).*' A fair number of magnesium chalcogeno-
lates have been synthesized and characterized, including the first base-free,
three coordinate magnesium thiolate [Mg(5(2,4.6-Ph;C¢H,)).15.%° and a
variety of four and five coordinate species such as Mg(SMes*),(Et,0),,°
Mg(TeSi(SiMe;)1),(THF),,'* Mg(SCeFs)»(py)s* and the intramolecular
stabilized dimer [Mg{S(C,H4-2-CH,NMe,)},],.% Recently, a small group
of six coordinate target molecules was prepared and examined, including
Mg(SPh),(py)s,” Mg(S2-NCsH,)»(py),** and the trimeric pyridine adduct
[Mg3(1°SPh)«(py)s].** Other examples include the first anionic magnesium
thiolate complex [lutidineH],[Mg(SC4Fs),1** and the solvent-separated
magnesium thiolate [Mg(15-crown-5)(THF),][SMes*],.** The number
of heavier alkaline-earth target molecules is much smaller. Examples
include the octahedrally coordinate Ca(SCeFs)(py)s." the eight-coordinate
contact pair Ca(18-crown-6)(SMes*),,* (he solvent-separated triple-ion
[Ca(18-crown-6)(NH:);][SMes*],** and the tellurolate Ca(TeSi(SiMes)s):
(THF),.'"**” Only a few strontium derivatives have beecn mentioned.
SHEMes*),(THF),,”® (E = S, Se) and Sr(SeSi(SiMey)s), (TMEDA),,* all
display six-coordinate metal centers. Utilization of the strong donor HMPA
in combination with crown-ether made possible the isolation of the solvent-
separated triple-ion [Sr(18-crown-6)(HMPA),][SMes*].** Structural data
of strontium tellurolates are, to the best of our knowledge, not available.
Only a few chalcogenolate complexes of barium have been reported; and
data are available for the unusual thiolate [Ba(SMes*)(18-crown-6)
(HMPA] [SMes*]*® described as an intermediate between contact and a
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solvent-separated triple-ion. In addition, a small group of monomeric and
dimeric barium selenolates*> and the tellurolate Ba(TeSi(SiMes);),(py)s®’
have been prepared.

2. SYNTHETIC METHODS

During the last few years much work has been devoted towards the
development of synthetic routes allowing the isolation of pure alkaline-
earth chalcogenolates. The goal was to develop reliable, reproducible,
high-yielding reactions, which would result in the synthesis of a wide
variety of target compounds. So far, several different reaction schemes
have been developed and tested; Table 1 summarized the different syn-
thetic routes.

Alkaline-earth chalcogenolates are sensitive to oxygen and moisture
and must be handled and stored under strict anaerobic conditions.
Generally, use of Schlenk-line and/or dry-box techniques and vigorously
dried and degassed reagents and solvents are necessary. Upon formation
and isolation, the target molecules are stable and can be stored under
inert gas over extended time periods without detectable decomposition.

TABLEI

Synthetic routes to alkaline-earth chalcogenolates.

Type of Reaction Equation Used For
Transamination Ae(N(SiMes)), + 2 HER — Be, Mg, Ca, Sr, Ba
Ae(ER), + 2 HN(SiMe,)3 SR, SeR, TeR
Salt Elimination/ AeX,+ 2 AER — Be, Mg, Sr
Metathesis Ae(ER), + 2 AX® SR, SeR
Alkane Elimination (Bu),Ae + 2 HERBuH—> Mg
Ae(ER), + 2 SR, SeR, TeR
Metallation Ae, +2 HER — Ae(ER), + Hj Ca, Sr, Ba
Ae,. + REER — Ae(ER), SR, SeR
Transmetallation Ae + Hg(ER), — Ae(ER), + Hg Mg, TeR
Chalcogen Insertion R,Ae + 55 Sg —» Ae(SR), Mg, SR

*E =85, Se, Te, R = alkyl, aryl, silyl.

®X = halide, A =Li, Na, K.

¢ Activation of alkaline-earth metals can be achieved by different routes; most efficient
is the solvation of the metals in predried liquid ammonia.
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2.1. Transamination

This versatile route allows the preparation of the target molecules in a
variety of solvent and ligand systems in high yield and purity. The reac-
tion scheme involves the treatment of alkaline-earth amide*® with thiols,
selenols and tellurols (see Eq. (1)). The resulting amine can be removed
in vacuum.

[Ae(N(SiMes)y)al, +4 HER  — 2 Ae(ER), + 4 HN(SiMe,),
{Ae = alkaline-earth metal, E =S, Se, Te, R =alkyl, aryl, silyl) (1)

This reaction route has been used successfully for the synthesis of a
variety of target compounds, such as [Mg(STriph),], (Triph =
2,4,6Ph;CH,),>  Mg(SMes*),(OEt,),.>>  Mg(SeMes*),(THF),,>
Ca(SCeFs)a(py)s (py = pyridine),* Ca(TeSi(SiMey)q),(THE),, '+
Sr(SeSi(SiMe;)3),(TMEDA),* (TMEDA = N,N,N’,N’-tetramethyleth-
ylenediamine), Ba(TeSi(SiMe;)3),(py)s®® and others.

The transamination route allows a great deal of synthetic flexibility:
both donor and non-donor solvents can be used, and a large variety of
thiols, selenols and tellurols can be employed. The byproduct,
HN(SiMes),. is easily removed from the reaction mixture. Onc dis-
advantage of transamination involves the occasional incomplete amide
exchange. For example, the reaction of [Mg(N(SiMes),),], with two
equivalents of HSTrip (Trip = 2.4,6-1Pr;CgH,) results in the formation of
the mixed amide thiolate trimer |Mgs(12STrip),(11'N(SiMes),),] in low
yields.*” Variation of reaction conditions and stoichiometry does not
allow for the isolation of the amide-free thiolate. Another disadvantage
of this reaction scheme is the need to prepare alkaline-carth amides,
often a time consuming, low yielding process.*

2.2. Sailt Elimination/Metathesis

Alkaline-earth chalcogenolates are also accessible by the reaction of
alkaline-earth halides with alkali chalcogenolates (Eq. (2)):

AeX, +2AER - Ae(ER), +2 AX
(X = halogen, A = alkali metal) (2)

Only a few target compounds have been prepared using this method
since the disadvantages of this methodology far outnumber the ready
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availability of alkali chalcogenolates and alkaline-earth halides. Arnold
and Gindelberger describe the reaction between lithium tellurolate and
magnesium bromide as resulting only in intractable mixtures,? an
observation generally shared in our group. Problems associated with this
reaction route are related to the need for fine-tuning of alkali
chalcogenolate reactivity. For example, the reaction of MgBr, with two
equivalents of Li(THF);SMes* or Li(THF);SeMes* results in the for-
mation of magnesium thiolate or selenolate etherates.” In contrast, the
analogous reaction of CaBr, with two equivalents of Li(THF),STrip
results in the isolation of an adduct between unreacted CaBr, and LiBr,
[Ca(THF),(*Br)4(n*Li),(THF),].** Apparently, the reaction takes place
to some degree, as indicated by the formation of LiBr; however, it was
not possible to isolate the target molecule from the reaction mixture.
Interestingly, the reaction of Srl, with two equivalents of lithium thio-
late or selenolate led to isolation of starting materials, while employ-
ment of the potassium reagents allowed the isolation of Sr(EMes*),
(THF), (E =S, Se) in high yields.?® To date, only a few compounds have
been prepared using this methodology, and it is therefore impossible to
recommend specific reagents or reaction conditions.

Another major disadvantage of salt elimination involves solvent
selection, which is limited to etheral solvents due to the insolubility of
the dihalide starting materials in hydrocarbons.?®3* Furthermore, the
low solubility of alkaline-earth chlorides, even in etheral solutions,
requires the use of alkaline-earth bromides or iodides. The high solubil-
ity of alkali bromides or iodides in ethers, however, renders the alkali
halide difficult to remove from the reaction mixture. Thus, intractable
reaction mixtures are commonly observed.

Still, a small number of target molecules have been prepared using
this synthetic methodology. Examples include the beryllium thiolate
Be(SMes*),(OEt,),>* the magnesium derivatives Mg(SMes*), (OEt,),*
and Mg(SeMes*),(THF),,?* as well as the strontium species Sr(SMes*),
(THF), and Sr(SeMes*),(THF),.2

2.3. Alkane Elimination

This reaction scheme has been used extensively for the synthesis of mag-
nesium chalcogenolates bearing a wide variety of ligands and donors. The
magnesium starting material is commercially available as a 1 : 1 mixture of
n-butyl and sec-butyl magnesium, (n-Bu/sec-Bu),Mg in heptane (Aldrich),
or as a dibutyl magnesium solution in diethylether (Fluka). The reaction of
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dibutyl magnesium with two equivalents of thiols, selenols or tellurols (see
Eq. (3)) produces the target molecules in excellent yield and purity.

(Bu),Mg + 2HER — Mg(ER), + 2BuH
(E=S, Se, Te) (3)

The primary advantage of this method is the wide synthetic flexibility:
a large variety of solvents, donors and ligands can be utilized. Moreover,
the reaction proceeds cleanly within a short time, and purification steps
can be avoided due to the gaseous nature of the byproducts. Examples of
compounds prepared using this route are [Mg(STriph),],.>> Mg(SMes*),
(OEty),,>> Mg(SPh)»(py)a,? Mg(SCgFs)x(py)s,** the magnesiate [2.6
lutidineH]2[Mg(SC(,FS)4],42 the solvent-separated triple-ion [Mg(15-
crown-5),(THF),][SMes*],,* the selenolates Mg(SeSi(SiMe;);)»
(TRMPST)® (TRMPSI = tris(dimethylphosphinomethyl)-t-butylsilane),
Mg(SeMes*), (THF),? and the tellurolate Mg(TeSi(SiMe);)o( THF),.'4*

Since diorgano derivatives of the heavier alkaline-earth elements are
not readily available, this method is currently limited to magnesium and
beryllium complexes, though no beryllium chalcogenolates have been
synthesized employing this route.

2.4. Metallation

The reaction of alkaline-earth metals with phenols in the presence of
ammonia has been utilized to synthesize a number of alkaline-earth aryl-
oxides and siloxides,”*** but only recently has this method been
extended for the preparation of the heavier group VIA analogues
(Eq. (4).#*% Alternatively, the reaction of lanthanide metals with di-
selenides or -tellurides produced lanthanide-selenolates and -tellurolates
in excellent yields and purity.*® Very recently, Ruhlandt-Senge and co-
workers showed the extension of this method to the corresponding alka-
line-earth analogues (Eq. (5)).

Ac,. +2HER — Ac (ER), +H, (4
Ae,. +2HER — Ae (ER); +H,
(act. = activated)
Ae =Ca, Sr, Ba,
E=S, Se, Te (5)
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A critical requirement in the reaction of alkaline-earth metals with
thiols, selenols or tellurols is to provide highly activated alkaline-earth
metal. Lappert ez al. reported the successful synthesis of calcium phenolate
by reacting pyrophoric calcium (co-condensation activated metal} with
HO-2,6tBu,-4MeCH, in THF.*® Interestingly, the reaction failed if
hydrocarbon solvents were employed, indicating a strong solvent depend-
ability of the reaction. As shown with the synthesis of various alkaline-
earth alkoxides, siloxides and aryloxides,* and recently with several
thiolates and selenolates,*~* that the solvent dependability can be over-
come by addition of dry, liquid ammonia to the reaction mixture. Reaction
(5) is especially attractive for the preparation of selenolate and tellurolate
derivatives, since the reduction of the di-selenide or -telluride to the highly
air-sensitive selenol or tellurol, a low yielding reaction, can be avoided.
Examples of compounds synthesized using metallation are [Ca(18-
crown-6)(NH;);1[SMes*1,,** Ca(SMes*), (18-crown-6),** [Sr(18-crown-
6) (HMPA),][SMes*],,*[Ba(SMes*) (18-crown-6)HMPA][SMes*],*
Ba(SEMes*),(THF),,¥ E = S, Se the dimeric [Ba(SeTrip),(py);(THF)],*
and the eight coordinate Ba(SeTrip), (18-crown-6).*

2.5. Transmetallation

As shown with the synthesis of Mg(TeSi(SiMe;);),(THF),,"*?* trans-
metallation routes can be used to obtain alkaline-earth chalcogenolates
(Eq. (6)).

Ae+Hg(TeR), — Ae(TeR),+Hg (6)

In the above reaction, mercury tellurolate was reacted with an excess
of magnesium powder to yield the target compound.'“?* A major dis-
advantage of this method is the need to synthesize the mercury
reagents.* Also, activated alkaline-earth metal powder is required to
enable a smooth, high-yielding reaction. The synthetic sequence is
therefore time consuming and, so far, untested for the heavier alkaline-
earth analogues.

2.6. Chalcogen Insertion into Metal-Carbon Bond

It has been long known that magnesium thiolates are accessible by sulfur
insertion into the metal carbon bond, as employed in the synthesis of
thiols, when elemental sulfur is reacted with Grignard reagents.®®
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However, only recently was the first magnesium thiolate isolated and
fully characterized using this route.?® The dimeric intramolecularly stabi-
lized magnesium thiolate [Mg{S(CH,-2-CH,NMe;)},}> was prepared by
treating the diorganomagnesium precursor with elemental sulfur in THF
(Eq. (7).%

The major advantage of this route is the lack of unwanted byproducts.
The need to prepare the diorganomagnesium derivative, though, is a
major disadvantage. Moreover, this method is currently limited to beryl-
lium and magnesium derivatives, due to difficulties in obtaining
organocalcium, strontium and barium derivatives.

3. STRUCTURAL INVESTIGATIONS

3.1. Beryllium Thiolates

Beryllium chemistry has received little attention, most likely due to the
high toxicity of beryllium and its compounds.*®*' Not surprisingly, this
lack of attention is reflected in the small number of structurally character-
ized beryllium species,” especially those displaying bonds with elements
located in row three and below in the periodic table. Accordingly, the
number of well characterized beryllium thiolates is very small, and (o the
best of our knowledge, no structural data on beryllium selenolates or tel-
lurolates are available. Examples of compounds displaying beryllium sul-
fur contacts include the three-coordinate thiolate Be(SMes*),THF,**
shown in Fig. 1, and a family of four-coordinate species including
bis(dialkyldithiocarbamato)beryllium Be{S,N(i-Pr)},,> the mixed beryl-
lium thiolate amines Be(SC¢Fs),(NH;)(NH,SiMe;) and [{Be(SPh),
(py)(NH,)},{18-crown-6}]*' (Fig. 2) and the unusual solvent-separated
triple-ion [Be(HMPA),][SCPh;],*! (Fig. 3). Table II summarizes impor-
tant structural parameters displayed in the thiolates.

The commonly observed structural motif in beryllium chemistry is a
tetrahedral coordination environment as observed in the majority of
beryllium thiolates. The mixed amine thiolate derivative Be(SC¢Fs),
(NH,)(NH,SiMe,)*! exhibits a tetrahedral beryllinm center ligated by
two pentafluorothiolate ligands in addition to one ammonia and one
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TABLE 11

Selccted structural parameters for beryllium thiolates.

Compound Ae-E(A) AeDonor(A) S-Cp,(A)  CN.(metal) Ref.
Be(SMes*), THF 1.991(7), 1.590(7) 1.799¢6), 3 24
1.987(8) 1.810(5)
Be(SCeF5),(NHy)  2.098(7), 1.738(9), 1.754(5),
(NH,SiMe,) 2.128(7) 1.744(8) 1.750(5) 4 41
[(Be(SPh)y(py) 2.103(3), 1.724(4), 1.770(2), 4 41
(NH3)},{18- 2.100(3) 1.779(4) 1.771(3)
crown-6}]
2.095(3), 1.731(4), 1.764(3),
2.086(3) 1.778(4) 1.768(2)
[Be(HMPA),] - 1.54(1)- 1.78(1), 4 41
[SCPh;], 1.63(1) 1.79(1)

Abbreviations: Mes* = 2.4,6-tBu;C¢H,, HMPA = hexamethylphosphoramide,
py = pyridine.

trimethylsilylamine donor molecule. The crown-ether coordinate
[{Be(SPh),(py)(NH3)},{18-crown-6}] (Fig. 2) exhibits two identical
four coordinate beryllium centers, comprised of two phenylthiolate lig-
ands, one pyridine and one NH; donor connected via NH; crown-ether
hydrogen bonds. The common motif between the mixed amine/thiolate
species is a N-Si bond cleavage reaction, a result of iterative protonation

FIGURE 1 The crystal structure of Be(SMes*), THF (Ref. 24). Hydrogen atoms have
been omitted for clarity.
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FIGURE 2 The crystal structure of [{Be(SPh),(py)(NH,),}{18-crown-6}] (Ref. 41).
Hydrogen atoms with the exception of those bound to the crown-ether have been removed
for clarity.

of the product HN(SiMe;);, by HSPh and HSC(Fs, yielding H,NSiMe;
and NH;, respectively. The solvent-separated triple-ion [Be(HMPA),]
[SCPh;], shown in Fig. 3, available by addition of the strong donor
HMPA to a mixture of Be{N(SiMe;),}. and HSCPh,, contains a tetra-
hedrally coordinate Be®* cation. Also present are two uncoordinated
STrityl anions; there are no close interactions between cations and
anions. The formation of this triple-ion may be the result of weak inter-
actions between the small, hard beryllium cation and the soft thiolate sul-
fur anions. Apparently, the interaction of the small beryllium ion with
the harder oxygen donors is favored. Additionally, the substantial partial
negative charge on the HMPA oxygen® stabilizes the dicationic beryl-
lium center. The distorted trigonal planar coordination geometry al
beryllium observed in Be(SMes*),THF*® (Fig. 1) is observed only if
the steric requirement of the ligand is large. Comparison of beryllium
sulfur contacts in the three coordinate Be(SMes*),THF,*® with the four-
coordinate Be(SC¢F5)-(NH;)(NH,SiMe;),*! [{Be(SPh),(pyNH)}.{18-
crown-6}1*' and Be{S,N(i-Pr)},*® reveals slightly shorter bond lengths
for the three-coordinate compound, 1.98(1) A (avg )y vs. 2.11(1) A (avg.),
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FIGURE 3 The crystal structure of [Be(HMPA),}[SCPh;l, (Ref. 41). Only the cation
[Be(HMPA),]** is shown; hydrogen atoms have been omitted for clarity.

2.096(1) A avg. and 2.098(9) A (avg.), which is most likely due to the
reduced coordination number at beryllium. The experimental values
observed for the beryllium sulfur bond lengths correlate well with the
calculated Be$ distances in monomeric Be(SH), (1.954 A).5

3.2. Magnesium Thiolates, Selenolates and Tellurolates

Magnesium chalcogenolates comprise the largest group of well-charac-
terized alkaline-earth chalcogenolates. Table IlI summarizes selected
structural parameters for magnesium chalcogenolates.

The number of reported donor-frec magnesium thiolates, selenolates
or tellurolates remains very small; to date only one compound, the
dimeric [Mg(STriph),], has been structurally characterized. Recently,
the two coordinate magnesium thiolate Mg(S2,6Mes,CH;),¢ (Mes =
2,4,6Me;CgH,) was mentioned in the literature, but structural evidence
supporting its presumably monomeric nature is not available. It is pos-
tulated that the monomeric motif of this compound is made possible by
the use of the very bulky S2,6Mes,C¢H; ligand. Reduction of ligand size
and employment of the -STriph ligand resulted in the isolation of the
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dimeric [Mg(STriph),],,* exhibiting rare, three-coordinate magnesium
centers. [Mg(STriph);],, shown in Fig. 4, is dimeric with thiolato bridges
and terminal thiolato groups. The two halves of the dimer are related by
a center of symmetry, such that the core Mg,S, array is required to be
planar. The {MgS;} coordination, however, deviates from planarity with
the sum of S-Mg-S angles of 340.8(1)°. The Mg—Sprigging distances are,
as expected, longer than the Mg—S,. ... Pond length with values differ-
ing by 0.12 A (2.349(5) vs. 2.466(5) A). There are some short interac-
tions between the magnesium and the carbon atoms of the ortho-phenyl
ligands, the shortest being 2.555 and 2.797 A.Itis believed that the weak
T-type interactions between ligand and metal make possible the dimeric
nature of this compound.

In contrast to the small number of donor-free magnesium chalcogeno-
lates, a much larger variety of donor containing species is known. Here,
a range of coordination numbers varying between four and seven
is observed, mainly depending on ligand size and, to a lesser extent,
the donors. Complexes exhibiting a coordination number of four are

FIGURE 4 The crystal structure of the donor-free dimer {Mg(STriph),], (Ref. 25). The
dotted lines indicate n-type bonds between magnesium and the ortho-phenyl groups of the
ligand; hydrogen atoms have been omitted for clarity.
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generally observed if bulky ligands and a donor are utilized. Examples
include Mg(SMes*),(OEL,),,”* shown in Fig. 5, Mg(SSiPhy), (HMPA),,*
Mg(SeMes*),(THF),,”> Mg(SeSi(SiMe;);),TRMPSI® and Mg(TeSi
(SiMe;);),(THF),."*?? Other four-coordinate magnesium chalcogenolates
include the bimetallic aggregate [Mg(SCsH4((R)-CH(Me)NMe:)),Cuy
(Mes),],'>'® and the first anionic tetrachalcogenolato magnesiate
[lutidineH],[Mg(SC¢Fs),],** shown in Fig. 6. Related, four-coordinate
species exhibiting magnesium-sulfur or -selenium contacts are the com-
plexes [Tp* ' MgSH, [Tp*™'[MgSeH and {[Tp”"'IMg},Se (TpF ™' =
tris(3-p-tolylpyrazolyl)hydroborato).”” Magnesium chalcogenolates dis-
playing higher coordination numbers are commonly observed if the steric
reguirement of the ligand is reduced, as demonstrated with the five coor-
dinate dimeric, intramolecularly stabilized dimer [Mg(SC¢H,4-2-CH,
NMe,),], 2 (Fig. 7a) and the monomeric Mg(SC¢Fs)(py); (Fig. 7b).”
Replacement of the SC¢F, ligand by the slightly smaller phenylthiolate.
SPh, results in the formation of the octahedral complex Mg(SPh), (py),
(Fig. 82).* The conformationally related. distorted octahedral Mg(S2-
NCsH,),(py)," (Fig. 8b) is observed if the intramolecular stabilizing

FIGURE 5 The crystal structure of Mg(SMes*)»(Et,O)» (Ref. 25): hydrogen atoms have
been omitted for clarity.
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FIGURE 6 The crystal structure of the anionic magnesium thiolate [2,6 lutidineH],
[Mg(SCgFs)q] (Ref. 42). Only the anion is shown.

pyridinethiolate ligand is used in combination with pyridine. Limiting the
amount of pyridine and utilization of phenylthiol afforded the trimeric
species [Mg;(M>SPh)s(py)s] (Fig. 9), exhibiting three octa-hedrally coor-
dinate metal centers, the central magnesium unit is bound to six bridging
sulfur atoms, two of the outer units are bound to three bridging sulfur
atoms and three terminal pyridine molecules, resulting in a ligand donor
stoichiometry of 1:1.

The importance of donor influence on coordination mode is clearly
demonstrated by the formation of the solvent-separated triple-ion
[Mg(15-crown-5)(THF),][SMes*], (Fig. 10),** isolated in quantitative
yield when (Bu),Mg is reacted with two equivalents of the sterically
demanding thiol HSMes* in the presence of crown-ether. In contrast, the
monomeric distorted tetrahedral adduct Mg(SMes*),(Et,0), »(Fig. 5) is
formed if the reaction is carried out in diethylether and no crown-ether is
present. [Mg(15-crown-5)(THF),SMes*], 42 displays a seven-coordinate
magnesium cation and two isolated thiolate anions. The magnesium and
thiolate sulfur atom are separated by more than 6 A

Mg(SMes*),(OEt,), % displays a distorted tetrahedral geometry, with
angles at magnesium ranging from 93.5(1)° to 140.4(1)°. The largest
angle values are found between the two sterically demanding thiolato
groups, the smallest between the two ether oxygen atoms. The closely
related selenolate Mg(SeMes*),(THF), 5 displays Mg-Se distances of
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FIGURE 9 The crystal structure of the trimeric [Mg;(M>SPh)(py)el (Ref. 42). Hydrogen
atoms have been omitted for clarity.

2.526(3) and 2.539(3) A, with angles at magnesium ranging between
97.4(2) A and 122.1(1)°. Direct comparison of the solid state structures
of Mg(SMes*),(Et;0), and Mg(SeMes*),(THF), reveals similar struc-
tural features with different degrees of distortion from regular tetrahedral
geometry, indicating the larger effective bulk of the thiolato versus the
selenolato ligand. The reduced steric requirement of the selenolate lig-
and is due to the longer Mg—Se bond lengths (2.53(1) A avg.) in com-
parison to the shorter Mg—S contacts (2.39(1) A avg.).

A comparison of magnesium-sulfur contacts in the dimeric, three-
coordinate [Mg(STriph),], 2 (2.349(5) A (terminal), 2.466(5) A (bridg-
ing) with the hypothetical, monomeric, two-coordinate Mg(SH),
(2.324 A) % reveals slightly longer bond lengths for the three coordinate
compound. The increase of bond lengths with increasing coordination
number is also observed for higher coordinate species, such as the four
coordi-nate etherate Mg(SMes*),(OEt,), (2.39(1) A avg.). The experi-
mentally determined Mg—S distances agree well with the sum of radii for
four coordinate Mg®* and S2 (2.41 A).*® The four-coordinate magnesiatc
[lutidine H], [Mg(SCgFs),]*? exhibits average Mg—S distances of about
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2

FIGURE 10 The crystal structure of the solvent-separated triple-ion [Mg(15-crown-5)
(THF),){SMes*], (Ref. 42). Hydrogen atoms have been omitted for clarity.

2.45(1) A, which are slightly longer than in the neutral species, probably
the result of increased repulsion due to two negative charges in the sys-
tem. The magnesium selenium distances in Mg(SeMes*), (THF),”
(2.537(6) A (avg.)) and Mg{SeSi(SiMe;); }, TRMPSI?® (2.49 (2) A (avg.))
are very comparable; the slight differences can be rationalized by consid-
ering different steric requirements of the Si(SiMe); versus the Mes* lig-
and. The relative increase in magnesium-sulfur to magnesium-selenium
bond distances follows almost exactly the radius increase from sulfur to
selenium.

Magnesium chalcogenolates with coordination numbers higher than four
are obtained if the steric requirement of the ligand is reduced, as demon-
strated with the intramolecularly stabilized five-coordinate dimer
[Mg(SC¢H,-2-CH,NMe,),], % and the monomeric Mg(SC¢Fs),(py)s
(Fig. 7). In [Mg(SC¢H,-2-CH,NMe,), ], each magnesium atom is ligated by
three sulfur atoms, two bridging (2.548(2) A avg.) and one terminal
(2.446(2) A). Additionally, each magnesium is coordinated to two
nitrogen donors, resulting in a distorted pyramidal environment at magne-
sium. A similar coordination environment is observed for the monomeric
Mg(SCFs),(py); with Mg—S distances of 2.476 and 2.505 A. The distorted
geometry of the monomeric species can be rationalized by invoking
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VSEPR rules, assuming a distortion from trigonal bipyramidal geometry
with the bulkier SC¢Fs ligands in the equatorial plane, and the smaller pyri-
dine donors in one equatorial and the two axial positions. The two neigh-
boring fluorinated thiolate ligands repel cach other, resulting in a widening
of the S-Mg-S§ angle to 136.4(1)°. Simultaneously, the pyridine groups will
distort from the axial positions towards the equatorial plane, resulting in a
N(1)-Mg-N(3) angle of 168.6(1)°. The comparison of magnesium-sulfur
bond length in the five-coordinate complexes with the sum of ionic radii for
five-coordinate Mg?* and $2- (2.50 A)*® shows very similar values.

Magnesium thiolates exhibiting six coordinate metal centers become
available if the ligand size is reduced further, as shown with the replace-
ment of the pentafluorophenyl thiolate ligand by the slightly smaller
phenylthiolate. Examples are the monomeric Mg(SPh),(py)s.** the
trimeric |Mg(m2SPh)s(py)s], or the pyridinethiolate species Mg(S2-
NCHy)s(py).. The intramolecularly stabilizing pyridine thiolate ligand
introduces a fair amount of steric strain into the system, whereas in
Mg(SPh).(py), or [Mg3(nZSPh)6(py)6] an almost undistorted octahedral
geometry at magnesium is observed. The magnesium-sulfur distances in
the six-coordinate species are very similar with 2.635(1) A for
Mg(SPh).(py)s, an average of 2.612 A for the trimer and 2.612(1) A
(avg.) for Mg(S2-NCsH,),(py).. Surprisingly, the bridging nature of the
thiolato groups in the trimer does not lead to an increase in Mg—S bond
length, whereas slightly longer Mg—S distances are observed in the
intramolecularly stabilized Mg(S2-NCsH,),(py);. The unusually short
Mg-S distances in the trimer might be explained on the basis of the triply
bridging of the nature of the thiolate groups, resulting in a shortening of
magnesium-sultur bond length.

The overall comparison of magnesium-sulfur bond lengths in the
three-, four-, five-, and six-, coordinate magnesium thiolates follows the
fairly straightforward trend: bond length increase with increasing coor-
dination number. The good agreement between experimental Mg—S
bond distances and the sum of ionic radii implies a substantial ionic char-
acter for the magnesium-sulfur bond, a view further supported by the
facile formation of solvent-separated triple-ions.

The solvent-separated triple-ion [Mg(15-crown-5)(THF),][SMes*},*
is isolated in quantitative yield if crown-ether is present in the reaction
mixture. Apparently, the strong magnesium-oxygen donor interactions
are favored over the weaker-metal ligand contacts. The surprisingly sta-
ble compound displays a seven-coordinate magnesium cation and two
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isolated thiolate anions. A comparison of sulfur-carbon distances in
Mg(SMes*),(Et,0),” and [Mg(15-crown-5)(THF),][SMes*],** shows
slightly shorter contacts (1.772(2) A avg.) for the solvent-separated
triple-ion than in the contact molecule (1.803 (2) A avg.). The shorter
bonds can be explained by the reduced coordination number at sulfur.

3,3. Calcium Thiolates, Selenolates and Tellurolates

Published structural data of calcium chalcogenolates are limited to the
tellurolate Ca(TeSi(SiMe;);),(THF), (Fig. 11a) published in 1992.1427:2
Recent work in our laboratory focusing on the development of facile,
reliable synthetic routes to allow for the high yield preparation of calcium
chalcogenolates resulted in the preparation and structural characteriza-
tion of a small selection of calcium thiolates.** Table IV summarizes
selected structural parameters of the calcium target molecules.

The commonly observed coordination geometry in calcium chalco-
genolates seems to contain six or more ligands as observed in the
monomeric octahedral pyridine adduct Ca(SC¢Fs),(py)s* (Fig. 11b), the
unusual six-coordinate mixed thiolate hydroxide dimer [Ca(SMes*

FIGURE 11 The crystal structures of Ca(TeSi(SiMes);),(THF), (Refs. 14 and 27) and
Ca(SCsFs),(py)s (Ref. 43); hydrogen atoms have been omitted for clarity.
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TABLE 1V

Selected structural parameters for calcium chalcogenolates.

Compound Ae-E(A)  Ae-Donor (A) S-Cipa (A)  C.N. Ref.
(metal)

Ca(SCF5)a(py), 2.8493(4)  2.502(2), 1.752(2) 6 43
2.534(2)

[CaSMes*(M%-OH)

PMDTA), 2.836(1) 2.598(3), 1.782(3) 6 43
2.644(3)
2.692(3)

[Ca(SMes*),

(18-crown-6)] 2.785(2),  2.527(5), 1.768(7), 8 43

2.859(2) 2.545(5) 1.796(7)

2.587(5), 2.622(5)
2.625(5), 2.632(5)
|Ca(18-crown-6)

(NH;);1[SMes*], - 2.469(3)-2.541(2)* 1.761(4), 9 43
1.775(4)
2.461(3)-2.781(3)"
Ca(TeSi(SiMe;)s),
(THF), 3.197(1) 2.363(2), 2.401(2) 2.483(1) 6 14, 27,29

Abbreviations: Mes* = 2,4,6-tBu;CgH,, py = pyridine, PMDTA = N, N, N°, N’, N”, N”
pentamethyldiethylenetriamine.

#Ca—NHj contacts.

b Ca—crown-ether contacts.

(L-*OH)PMDTAL* (PMDTA =N, N, N’, N’, N”, N” pentamethyldiethyl-
enetriamine), the eight-coordinate crown-ether derivative Ca(18-crown-6)
(SMes*), (Fig. 12) or the solvent-separated triple-ion [Ca(18-crown-6)
(NH;)3] [SMes*], ** (Fig. 13) displaying a coordination number of nine at
calcium. Since only a few calcium thiolates and tellurolates have been
structurally examined, a general understanding of ligand and donor influ-
ence on structural chemistry is difficult to obtain. However, a comparison
between structurally related magnesium and strontium analogues sheds
some light on the coordination chemistry of the target molecules.
Calcium thiolates are mainly prepared by two synthetic routes, transami-
nation and metallation (see Table I). The unusual mixed thiolate hydroxide,
[Ca(SMes*)(u-*OH)PMDTA),** was synthesized employing transamina-
tion procedures; the hydroxide group was introduced by partial hydrolysis
of the bisthiolate. The crown-ether derivatives, Ca(18-crown-6)(SMes*),
[Ca(18-crown-6)(NH;);1[SMes*],, were synthesized employing metalla-
tion procedures. The contact pair Ca{18-crown-6)(SMes*), is available

374



12: 34 15 January 2011

Downl oaded At:

FIGURE 12 The crystal structure of Ca(SMes*),(18-crown-6) (Ref. 43); hydrogen atoms
have been omitted for clarity.

from the solvent-separated derivative by brief refluxing in vacuum, result-
ing in the removal of the NH; donors and formation of the calcium-sulfur
bonds. The tellurclate Ca(TeSi(SiMe;);),(THF), was synthesized using
transamination procedures.'*!’

Ca(SC¢Fs)2(py)s, shown in Fig. 11b, displays a perfectly octahedral
coordination sphere, with a center of symmetry located at the metal cen-
ter. The calcium-sulfur distances are 2.8494 A, and the calcium nitrogen
contacts are almost identical with 2.502 and 2.534 A. The overall struc-
tural features are very similar to those of Mg(SPh),(py)s; however,
employment of the sterically more encumbered pentafluorophenylthiolate
ligand results in the formation of the five coordinate Mg(SCgFs),(py)s.**
Apparently, the larger size of calcium allows the accommodation of two
pentafluorothiolate ligands in addition to four pyridine donors. The octa-
hedral species Ca(SCqFs)2(py)s and [Ca(SMes*)n-*OH)PMDTA], dis-
play fairly similar calcium-sulfur distances of 2.849(1) and 2.836 (1) A
These values fit closely with the calculated calcium-sulfur distances
obtained by addition of the ionic radii of Ca** and S**, *® but are signifi-
cantly longer than the calcium-sulfur distance calculated by Pappas for the
hypothetical, monomeric, two coordinate Ca(SH), (2.650 A).>S This dis-
crepancy can be explained on the basis of increased coordination
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FIGURE 13 The crystal structure of the solvent-separated triple-ion |Ca(18-crown-6)
(NH.);][SMes*], (Ref. 43). Only the cation is shown; hydrogen atoms, except those on
ammonia, have been omitted for clarity.

numbers in the target molecules. Ca(18-crown-6)(SMes*), displays
an eight-coordinate calcium center with six calcium-oxygen and two
calcium-sulfur contacts; interestingly, shorter calcium-sulfur bond lengths
are observed for the eight-coordinate crown-ether derivative as compared
to the six-coordinate pyridine adduct Ca(SC(Fs):(py)s*! This surprising
result may be explained on the basis of weak, long Ca—O crown-ether dis-
tances (2.59 A avg.) reducing the coordinative saturation effect of the
crown-ether donor. Shorter, stronger Ca—O distances are observed in
Ca(TeSi(SiMe,);),(THF), (2.363 and 2.410 A).'**

The solvent-separated triple-ion [Ca(18-crown-6)(NH,);][SMes*], +
exhibits a nine-coordinate calcium center, with two NH; molecules on one
face of the crown-ether and one NHj; on the other; the crown-ether is bent
towards the face which accommodates only one NH; donor (Fig. 3). This
distortion is in accord with slight differences in calcium-nitrogen distances;
the shortest contact is observed at the face with binds only one NH;. The
calcium nitrogen distances (2.469, 2.525 and 2.541 10\) are in the same
range as those observed for Ca(SCgFs),(py)s and [Ca(SMes*)(pu->OH)
PMDTA}:. The calcium-oxygen crown-ether distances vary significantly
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from 2.421 up to 2.781 A, indicating that calcium is not located symmetri-
cally in the crown-ether donor. This is not a surprising result considering
the high coordination number at calcium. The comparison of carbon-
sulfur bond length in the solvent-separated triple-ion [Ca(18-crown-6)
(NH,);1[SMes*}, and Ca(18-crown-6)(SMes*), shows no significant devi-
ations, which would indicate an increased bond order between carbon and
sulfur in the solvent-separated species. Additionally, the anion shows no
indication of delocalization of electron density into the phenyl ring. The
slightly shorter C-S distance in the solvent-separated molecule is solely due
to the smaller coordination number at sulfur.

3.4. Strontium Thiolates and Selenolates

Only a small collection of well-characterized strontium chalcogenolate
derivatives has been reported.?®?® Recent work in our laboratory added to
this collection the solvent-separated strontium thiolate [Sr(18-crown-6)
(HMPA)],[SMes*],,** shown in Fig. 14. Table V summarizes selected
structural parameters.

Strontium chalcogenolates have been synthesized using a variety of
synthetic routes, namely salt elimination reactions for the Sr(EMes*),
(THF)4 (E =S, Se),?® transamination for Sr(SeSi(SiMe,);), (TMEDA),*
and metallion for [Sr(18-crown-6)(HMPA)],[SMes*],.*

FIGURE 14 The crystal structure of the solvent-separated triple-ion [Sr(i8-crown-6)
(HMPA),][SMes*|, (Ref. 44). Only the cation is shown; hydrogen atoms have been
ommitted for clarity.
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TABLE V

Selected structural parameters for strontium chalcogenolates.

Compound Ae-E (A) Ae-Donor (A) S-Cipo (A) C.N. Ref.
(metal)
Sr(SMes*),(THF), 2.951(2) 2.574(7), 2.565(7) 1.794(9) 6 28
{Sr(18-crown-6)
(HMPA),][SMes*], 24202y 1.771(2) 8 44
2.712(1). 2.718(1)
2.736(1)°
Sr(SeMes*),(THF)y  3.066(1) 2.590(7), 2.536(7) 1.946(8) 6 28
Sr(SeSi(SiMes);),
(TMEDA), 2.946(1) 2.69(1), 2.69(1) 2.235(3) 6 29

Abbreviations: TMEDA = N.N,N’.N’-tetramethylethylecnediamine, HMPA = Hexa-
methylphosphoramide, py = pyridine, Mes* = 2.4,6-tBu;CgH,.

*Sr—-HMPA contacts.

PSr—crown-ether contacts.

The octahedrally coordinate strontium derivatives Sr(SMes*), THF,,*8
Sr(SMes*),THF,*® (Fig. 15) and Sr(SeSi(SiMe;);), (TMEDA),* display
very similar structural motifs. The central Sr atom is surrounded in an
octahedral fashion by two sterically encumbered chalcogenolate ligands,
located trans to each other, in addition to four THF oxygen atoms or four
TMEDA nitrogen donors, respectively. The strontium-sulfur distance of
2.951(1) A in Sr(SMes*), THF, agrees well with the Sr—S bond distance
observed in SrS,C,N,-5 H,0.% The slight differences (2.951(2) vs.
2974(4) A) can be explained by the larger coordination number in
SrS,CyN,-5 H,O%(7 + 2 vs. 6). These strontium-sullur distances are also
fairly close to the sum of ionic radii of Sr** and S (3.02 A).% The stron-
tium-selenium distances in Sr(SeSi(SiMes)s), (TMEDA), and
Sr(SeMes*),(THF), differ only slightly (2.946 A vs. 3.066 A), explain-
able on the basis of reduced steric bulk of the -SeSi(SiMes)s3), ligand as
compared to -SeMes*. The novel solvent-separated [Sr(18-crown-6)
(HMPA),|[SMes*1, displays an eight-coordinate strontium cation, lig-
ated by six crown-ether oxygen atoms and two HMPA oxygen donors.
The cations and anions are separated by more than 6 A. Apparently, the
interaction of the strontium dication with crown-ether and the strong
donor HMPA donor is sufficient to stabilize the large cationic metal cen-
ter. The strontium-oxygen HMPA distances are 2.420(1) A, in con-
trast, the strontium-oxygen crown-ether distances are much longer
(2.722 A avg.). Interestingly, the strong donor HMPA is needed to allow
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FIGURE 15 The crystal structure of Sr(SMes*),(THF), (Ref. 28); hydrogen atoms have
been omitted for clarity.

for the isolation of this solvent-separated triple-ion; if reaction condi-
tions are chosen similar to those employed for [Ca(18-crown-16)(NH;);]
[SMes*1,,*? an insoluble product is formed. Apparently, the strong donor
characteristics and substantial partial negative charge on the oxygen of
HMPA> is needed to stabilize the large, strontium center.

3.5. Barium Thiolates, Selenolates and Tellurolates

The number of well-characterized barium chalcogenolates is very small;
to date the structural characterization of a single compound,
Ba(TeSi(SiMe;)s)x(py)s>” has appeared in the literature. Recent work in
our laboratory, concerned with the development of a facile access route
to alkaline-earth chalcogenolates, enabled the synthesis and structural
characterization of a small number of barium thiolates and selenolates.
Table VI summarizes selected structural data.

Examples of structurally characterized barium chalcogenolates are lim-
ited to one thiolate species, which became available employing metalla-
tion procedures. [Ba(SMes*)(18-crown-6)(HMPA)])[SMes*] (Fig. 16)
exhibits a monocationic barium center, ligated to only one (SMes*) ligand
in addition to the donors 18-crown-6 and HMPA. Charge neutrality is
maintained by one free thiolate anion [SMes*]™ (Fig. 16). The barium
center and sulfur atom from the free thiolate ligand are separated by more
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TABLE VI

Selected structural parameters for barium chalcogenolates.

Compound Ae-E (A) Ae-Donor (A) S-Cipso (A) C.N. Ref.
(metal)

[Ba(SMes*)(HMPA)]  3.012(1) 2.773(1)- 1.803(1), 8 45
[SMes*] 2.808(1) 1.781(1)
1.754(1),
1.776(1)

Ba(SeMes*),(THF), 3.288(1) 2.744(3), 1.933(3) 6 45

2.745(3)

[Ba(SeTrip)a(py)a 3.297(1), 2.874(1), 1.943(1), 7 45

(THE)], 3.277(1) 2.906(1) 1.935(1)

2.419(1) 2.8234(1),
2.823(1) (O)

Ba(SeTrip), 3.229(1), 2.773(4)- 1.936(6), 8 45
(18-crown-6) 3.230¢1) 2.792(4) 1.926(6)
Ba(TeSi(SiMes);), 3.382(1) 2.934(5), 2.467(1) 7 29
(Py)s 2.856(4)
2.874(3)

Abbreviations: HMPA = Hexamethylphosphoramide, py = pyridine, Mes* = 2.4,6-
tBuyCsHa, Trip = 2,4,6iPr;CoH,.

than 6 A. The thiolate derivative displays an interesting structural motif:
an intermediate structure between contact and solvent-separated ion.
Interestingly, the molecule was synthesized and crystallized utilizing
excess HMPA, expecting the formation of a solvent-separated specics
analogous to the strontium derivatives. Instead, the monocationic species
was observed. Attempts to synthesize the contact pair, displaying two
barium-sulfur bonds analogous to the calcium derivative Ca(SMes*), (18-
crown-6), were not successful; apparently, the tight crown-ether coordina-
tion at barium induces a significant steric shield, making it impossible to
accommodate two large thiolate ligands at barium. It is believed that the
barium-sulfur bond strength seems to slightly exceed the barium-oxygen
HMPA donor interaction; the formation of the intermediate seems to be a
compromise between steric and bond strength effects. The Ba-S bond
length of 3.012(1) A is slightly shorter thatn the sum of ionic radii.’
Apparently, the cationic nature of the compound causes the shortening of
the barium-sulfur bond. However, the experimental barium-sulfur bond
length agrees well with the barium-sulfur distances observed in the tetra-
sulfide derivative BaS,(18-crown-6)DMF .+
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FIGURE 16 The crystal structure of [Ba(SMes*)(18-crown-6)(HMPA)}[SMes*] (Ref. 45).
Only the cation is shown; hydrogen atoms have been removed for clanty.

A small group of barium selenolates, the seven coordinate [Ba{n'
SeTrip} {Nn?SeTrip Hpy):(THF)], (Fig. 17), the eight coordinate crown-
ether derivative Ba(SeTrip),(18-crown-6), and the distorted octahedrally
coordinate Ba(SeMes*)*(THF),, which is isostructural with the corre-
sponding strontium derivative,” became available by reacting the corre-
sponding diselenides with barium metal in liquid, dry ammonia. With the
synthesis of these compounds it was shown for the first time that alkaline-
earth insertion into the Se—Se bond results in the clean formation of the tar-
get molecules (see Table I). A comparison of coordination geometries of
the barium target molecules with the lighter alkaline-earth congeners indi-
cates the pronounced tendency for the formation of higher coordination
numbers, an expected trend, considering the significant increase in ionic
radius. The isolation of the six coordinate Ba(SEMe*), (THF),, E = §, Se
isostructural to Sr(SEMes*),(THF), *® was possible by employment of the
sterically demanding SEMes* ligand. Reduction of the ligand size and
employment of the smaller SeTrip ligand led to the isolation of the seven
coordinate dimer [Ba{n'SeTrip}{n*SeTrip} (py)s(THF)], (Fig. 17), and
the eight coordinate crown-ether derivative [Ba(SeTrip), (18-crown-6). A
comparison of Ba—Se distances for all three compounds reveals very simi-
lar values; except for one bridging contact in the dimer, distances of
3.288(1) A for the six coordinate Ba(SeMes*) (THF), 3.297(1) and
3.277(1) A for the dimer and 3.229(1) and 3.230(1) A for Ba(SeTrip),
(18-crown-6) are observed. Interestingly, the shortest contacts are dis-
played for the eight coordinate crown-ether derivative, a trend previously
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FIGURE 17 The crystal structure of Ba {n'SeTrip}{n SeTrip }(py):(THF)])* (Ref. 45).
Hydrogen atoms have been omitted for clarity.

seen in the related calcium species.*® This result might be explained by the
reduced size of the selenolate ligand. The barium-selenium bond length is
in good accord with the sum of ionic radii for Ba** and Se*%®

SUMMARY

During the last few years, progress in alkaline-earth chalcogenolate chem-
istry has been significant. Numerous synthetic routes have been explored,
allowing for the synthesis of a variety of target molecules. This work
included the investigation of ligand and donor influence on structural fea-
tures, and is currently concerned with the correlation of structural aspects
with important properties such as solubility, volatility and reactivity.

In the past, progress in alkaline-earth chemistry has been hampered by
the lack of suitable synthetic procedures and the formation of polymeric,
intractable materials. The use of sterically demanding ligands, often in
combination with donors, allowed the synthesis of non-polymeric, soluble
species, which were subjected to a variety of analytical methods, resulting
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in an improved understanding of metal-chalcogen bond characteristics. It
has been shown that the coordination number displayed by the complexes
can clearly be influenced by ligand and donor choice. Apparently, the
ligand has the larger influence in determining the overall structural fea-
tures of the complexes, as shown with the five-coordinate Mg(SC4Fs),
(py); and the six-coordinate Mg(SPh),(py),; here the smaller size of the
thiolato ligands is responsible for the formation of the octahedral species.
However, it has been shown that donor influence is critical as well, espe-
cially if multidentate donors such as crown-ether are employed. The easy
formation of solvent-separated triple-ions in the presence of crown-ethers
and/or very strong donors as observed for all alkaline-earth elements indi-
cates the high ionic bond character in alkaline-earth chalcogenolates.

Our improved knowledge of synthetic strategies and structure-deter-
mining factors has paved the way for the use of the target molecules as
reagents and precursors for technically important materials, With a vari-
ety of synthetic methodologies in hand, we will continue our work with
the exploration of decomposition mechanism and the production of
mixed group II-VI semiconductor materials. The usefulness of magne-
sium chalcogenolates in synthetic applications will also be further inves-
tigated.
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